In contrast to UCP1, the primary function of UCP3 is not the dissipation of energy. Rather, several lines of evidence suggest that UCP3 is related to cellular long-chain fatty acid homeostasis. If long-chain fatty acids enter the mitochondrial matrix in their non-esterified form, they cannot be metabolized and may exert deleterious effects. To test the feasibility that UCP3 exports fatty acid anions, we systematically interfered at distinct steps in the fatty acid metabolism pathway, thereby creating conditions in which the entry of (non-esterified) fatty acids into the mitochondrial matrix is enhanced. First, reducing the cellular fatty acid binding capacity, known to increase cytosolic concentrations of non-esterified fatty acids, up-regulated UCP3 5.3-fold. Second, inhibition of mitochondrial entry of esterified long-chain fatty acids upregulated UCP3 by 1.9-fold. Third, high-fat diets, to increase mitochondrial supply of nonesterified long-chain fatty acids exceeding oxidative capacity, up-regulated UCP3 twofold. However, feeding a similar amount of medium-chain fatty acids, which can be oxidized inside the mitochondrial matrix and therefore do not need to be exported from the matrix, did not affect UCP3 protein levels. These data are compatible with a physiological function of UCP3 in facilitating outward transport of long-chain fatty acid anions, which cannot be oxidized, from the mitochondrial matrix.
aberrations in whole-body fat oxidation were observed in humans with an exon-6 splice donor mutation in UCP3 (3), as well as in UCP3 knockout mice (4) . Furthermore, in skeletal muscle UCP3 is rapidly up-regulated during fasting (1), acute exercise (5, 6) , and high dietary fat-intake (7, 8) , all situations in which fat metabolism is affected. In addition, UCP3 protein content declines in situations in which fat oxidative capacity is improved, such as after endurance training (9, 10) and after weight reduction (11, 12) , and UCP3 has lowest expression in Type 1 muscle fibers, which are characterized by a high fat oxidative capacity (13, 14) .
This pattern of regulation of UCP3 can consistently be explained by considering the balance between fatty acid delivery to mitochondria and their capacity to oxidize fatty acids. In situations characterized by a positive balance (i.e., fatty acid delivery exceeds oxidative capacity), such as fasting, high-fat intake, acute exercise, and in Type 2b fibers, UCP3 levels are high and/or upregulated. However, in situations characterized by a high fat oxidative capacity leading to a negative or zero balance (i.e., fatty acid delivery is lower than or balances oxidative capacity), such as training, weight reduction, and Type 1 muscle fibers, UCP3 levels are low and/or downregulated. Considering these findings, we have postulated the hypothesis that UCP3 might be involved in the export of non-esterified fatty acids from the mitochondrial matrix (15) . Thus, when fatty acid delivery exceeds the muscle's oxidative capacity, fatty acids will accumulate inside the myocyte. To be diverted to β-oxidation, most of the long-chain fatty acids in the cytoplasm are activated by conversion to their fatty acyl-CoA esters by the enzyme long-chain acyl-CoA synthetase (ACS). Subsequently, these long-chain fatty acyl-CoA esters are transported into the mitochondria via the carnitine shuttle system (CPT1 and CPT2). Only as CoA esters, fatty acids can undergo β-oxidation, and the esterification of fatty acids and subsequent transport across the inner membrane is rate-limiting in the oxidation of long-chain fatty acids. The surplus of long-chain fatty acids that accumulate inside the myocyte may enter the mitochondria by a so-called flip-flop mechanism (16) . Due to the higher pH inside the mitochondrial matrix, part of these long-chain fatty acids will be deprotonated at the matrix side and, in this way, fatty acid anions can reach the mitochondrial matrix. It is important to note that, once inside the matrix, these long-chain fatty acid anions can neither be diverted to β-oxidation (due to lack of ACS inside the matrix) nor cross the inner mitochondrial membrane (17) and are thus trapped inside the mitochondria. Here, they can have deleterious effects on mitochondrial function, for example due to their amphiphilic nature and proneness to peroxidation. Here, UCP3 could become involved in facilitating outward transport of these fatty acid anions, as it has been shown that UCP3 can transport fatty acid anions (18, 19) .
To test the feasibility that UCP3 functions to export fatty acid anions away from the matrix, we systematically interfered at distinct steps in the pathway of fatty acid metabolism-thereby creating conditions in which the entry of (non-esterified) fatty acids into the mitochondrial matrix is enhanced-and we examined UCP3 protein content in these situations.
MATERIALS AND METHODS

Animals
All studies were approved by the Institutional Animal Care and Use Committee of the Maastricht University and complied with the principles of laboratory animal care. Animals were housed individually on a 12:12 h light-dark cycle (light from 7:00 a.m. to 7:00 p.m.), at 21-22°C and allowed unlimited access to standard chow diet.
To examine the effect of the absence of H-FABP on UCP3 protein content (Experiment 1), adult (10-12 months of age) mice lacking H-FABP (n=5) and their wild-type littermates (n=7) were used, as described previously (20) . Under general anesthesia [1.5-2.0% halothane in O 2 and N 2 O (3:1, 4.0 l·min -1 )], medial gastrocnemius muscles were rapidly excised unilaterally and were freeze-clamped within 7 s after cutting the nerve and blood vessels.
The effect of etomoxir administration on UCP3 protein content was studied in 12 male Lewis rats, weighing 210-220 g (Experiment 2). Rats were divided randomly into etomoxir and control group. The former group was treated with etomoxir dissolved in 0.9% NaCl (20 mg/kg bodyweight) intraperitoneally for 8 days. The final injection was given 24 h before the experiment. Animals were anesthetized with an intraperitoneal injection of Nembutal, and their left hind limb muscles were removed.
The effect of high-fat diets on UCP3 protein content was studied in 30 male, 10-week-old Wistar rats (Experiment 3). Rats were randomly divided into three different groups (n=10), receiving either low-fat control (low-fat), high-fat medium-chain triglyceride (high-fat MCT), or high-fat long-chain triglyceride (high-fat LCT) diets. Rats were fed ad libitum and had free access to tap water during the experimental period. Food intakes were recorded daily at 8:30 a.m., and body weight was measured twice a day at 8:30 a.m. and 5:30 p.m. After a two-week diet-intervention period, blood was sampled and medial gastrocnemius muscle was rapidly excised unilaterally and freeze-clamped within 7 s after cutting the nerve and blood vessels under general anesthesia. Rats were deprived from food ~6 h prior to tissue sampling.
Diets
The H-FABP mice and the rats in the etomoxir experiment had ad libitum access to standard lab chow (Hope Farms, Woerden, the Netherlands).
In Experiment 3, rats were given the following: low-fat diets consisted of 7 energy % fat (of which approx. 79% C16:0, 6% C18:0, and 12% C18:1) and 74 energy % carbohydrate. High-fat LCT diets consisted of 46 energy % fat (of which approx. 79% C16:0, 6% C18:0, and 12% C18:1) and 35 energy % carbohydrates. High-fat MCT diets consisted of 46 energy % fat (of which approx. 60% C8:0 and 40% C10:0) and 35 energy % carbohydrates. Protein content was constant in all diets (19 en%). All diets were purchased from Hope Farms (Woerden, The Netherlands).
CPT-1 activity
Muscle (50 mg) was homogenized in 1 ml of TES (10 mM Tris-HCL, 2 mM diNaEDTA, 250 mM sucrose, pH 7.4)-buffer supplemented with phenylmethylsulfonyl fluoride (PMSF)-dimethyl sulfoxide (DMSO) and homogenized with an Ultra Turrax homogenizer (Janke & Kunkel, Ika-Labortechnik, Staufen, Germany). The resulting muscle homogenate was disintegrated further in four cycles (5 s on, 15 s off) with an amplitude of 10-12 using an ultrasonic disintegrator. CPT-1 activity was assayed by the CPT-forward measurement (21) . This method measures the palmitoylcarnitine formation from palmitoyl-CoA and an adenosine trisphosphate (ATP) regenerating system. The reaction mixture contained 10 µM palmitoyl-CoA, 0.25 mM L[ 3 H]carnitine, 80 mM Tris-HCl, 2 mM ATP, 2.5 mM MgCl 2 , 0.25 mM Na-palmitate, 36 µM bovine serum albumin (BSA), 0.5 mM DTA, 1 mM KCN, 0.5 mM dithiothreitol, 5 mM phosphoenolpyruvate, 2.5 µg pyruvate kinase, 1 µg adenylate kinase, and 10 µl homogenate. Incubation was performed at pH 7.4, in a total volume of 0.25 ml for 10 min at 37°C. The reaction was started with carnitine and terminated with 1 ml 1M HCl. The product palmitoyl-L[
3 H]carnitine was extracted with 1 ml butanol. After 30 s of mixing and centrifugation (3000 g) for 5 min, the upper butanol phase was washed with 2 ml H 2 O saturated with butanol. After 30 s mixing and centrifugation (3000 g), radioactivity was measured in 0.4 ml of the butanol with 10 ml instagel in a liquid scintillation counter.
UCP3 protein measurement
Muscle samples for UCP3 protein content were homogenized in ice-cold phosphate buffered saline (PBS), containing 1 mM ethylene diamine tetraacetate (EDTA) and 0,4 mM PMSF and subsequently sonicated for 3 times 10 s. After sonication, two volumes of each skeletal muscle homogenate and one volume of SDS-sample buffer (22) were boiled for 4 min. Thereafter, samples were centrifuged for 5 min at 10,000 g. Total protein content of each sample was measured spectrophotometrically (protein assay, Bio-Rad Laboratories, Hercules, CA) to ensure that equal amounts of protein were loaded. Samples were loaded on 13% polyacrylamide slab gels containing 0,1% SDS, and electrophoresis was performed by using a Mini-Protean 3 Electrophoresis Cell (Bio-Rad Laboratories), followed by Western blotting with a Mini TransBlot Electrophoretic Transfer Cell (Bio-Rad Laboratories). The separated polypeptides were transferred to a nitrocellulose membrane by blotting for 1 h at 100 V in a cold buffer containing 25 mM Tris, 192 mM glycine, and 20% methanol.
After protein transfer, nitrocellulose sheets were blocked with blocking buffer, containing 5% nonfat dry milk and 0.05% Tween20 in PBS, for at least 20 min. Thereafter, antibody incubation was performed by gentle shaking overnight at room temperature at a dilution of 1:5000 in blocking buffer. We used an affinity-purified rabbit polyclonal antibody against UCP3 (Code 1338, kindly provided by L. J. Slieker, Eli Lilly and Co. (Indianapolis, IN). After being washed with 0.05% Tween20 in PBS, blots were incubated with horseradish peroxidase-conjugated swine anti-rabbit Ig (SWARPO, DAKO, Glostrup, Denmark) for 60 min at room temperature, diluted 1:10,000 in blocking buffer. Blots were subsequently washed for 90 min with 0,05% Tween20 in PBS, and 10 min in PBS. Chemiluminescence was performed by using a Super Signal West Dura Extended kit (Pierce, Rockford, IL). Finally, the reaction product of each blot was analyzed by densiometry using Imagemaster (Pharmacia Biotech, Roosendaal, The Netherlands).
Plasma FFA
Frozen deproteinized plasma samples were analyzed for total free fatty acids (FFA) by using the Wako NEFA C test kit (Wako Chemicals, Neuss, Germany).
Statistical analysis
Results are presented as mean ± SE. Differences between groups were evaluated by ANOVA (one-way ANOVA test). When significant differences were found, a Bonferroni adjusted post hoc test was used to determine the exact location of the difference. Outcomes were regarded statistically significant if P<0.05.
RESULTS
Experiment 1
UCP3 protein levels in skeletal muscle of H-FABP null mice were increased 5.3-fold compared with their wild-type littermates (529±99 vs. 100±38 arbitrary units in H-FABP null (n=5) and wild-type littermates (n=7), respectively, P<0.05, Fig. 1a) .
Experiment 2
Etomoxir significantly decreased CPT1 activity by 58% in the etomoxir group, indicating effective blockade of mitochondrial uptake of long-chain fatty acyl-CoA esters (8.8±2.1 vs. 3.3±2.2 mU/g wet mass in control and etomoxir, respectively, n=6, P<0.05). In accordance with our hypothesis, we found that UCP3 protein levels were increased 1.9-fold after etomoxir administration (100±35 vs. 189±59 arbitrary units in control and etomoxir, respectively, n=6, P<0.05, Fig. 1b) .
Experiment 3
Food intake was similar in the three groups (4.23±0.08, 3.96±0.12, and 4.21±0.09 MJ/2 weeks on low-fat, high-fat MCT, and high-fat LCT, respectively, NS). However, body weight increased more pronouncedly on the high-fat LCT compared with the high-fat MCT and low-fat groups (53.0±1.5 vs. 44.6±2.9 and 45.3±1.0 g/2 weeks on high-fat LCT vs. high-fat MCT and low-fat, respectively, P<0.05). In accordance with our hypothesis, the high-fat LCT diet resulted in an up-regulation of UCP3 protein content by twofold (201±36 vs. 100±22 arbitrary units on high-fat LCT vs. low-fat, respectively, n=10, P<0.05, Fig. 1c) . The up-regulation of UCP3, as observed on a high-fat long-chain fatty acid diet, was completely absent when the high-fat diet was provided in the form of medium-chain fatty acids (86±17 vs. 100±22 arbitrary units on high-fat MCT vs. low-fat, respectively, n=10, P>0.05, Fig. 1d ). The lack of up-regulation of UCP3 in the medium-chain group vs. the long-chain group could not be explained by differences in plasma free fatty acid concentrations (201±20, 249±34, and 274±26 µmol/l on low-fat, high-fat MCT, and high-fat LCT, respectively, n=10, P>0.05).
DISCUSSION
Soon after the discovery of human UCP3, several observations indicated that the primary physiological role of UCP3 is not the regulation of energy turnover (2), as would be predicted from its homology to UCP1. Thus, mice lacking UCP3 have a normal metabolic rate and body weight (23, 24) , and fasting, an energy preserving condition, rapidly up-regulates the expression of UCP3 (1). Rather, several groups suggested a role for UCP3 in fatty acid handling (1, 3, 7, 13). Here we provide evidence for a new physiological function of UCP3 (15) as an outward transporter of long-chain fatty acid anions from the mitochondrial matrix into the soluble cytoplasm (Fig. 2) . By doing so, UCP3 prevents accumulation of non-esterified fatty acids that entered the mitochondrial matrix by so-called flip-flop across the mitochondrial inner membrane, especially in conditions in which the entry of non-esterified fatty acids into the mitochondrial matrix is enhanced.
After being taken up into the muscle cell, most fatty acids inside the soluble cytoplasm are bound to heart-type fatty-acid binding protein (H-FABP or FABPc). The water solubility of fatty acids (4-6 µM; Ref. 16) exceeds the affinity of H-FABP for fatty acids (4-14 nM; ref: 25) by far, indicating an important role for H-FABP in controlling the intracellular unbound fatty acid concentration in order to maintain a fatty acid gradient between plasma/interstitium and cytoplasm to facilitate fatty acid uptake (25) (26) (27) . Lack of H-FABP would thus lead to an intracellular increase of unbound fatty acids, particularly because plasma fatty acid levels are elevated in these mice as well (28) . In addition, the presence of H-FABP was shown to be crucial for proper mitochondrial oxidation of fatty acids (20) , as H-FABP is suggested to be essential for activation (esterification) of fatty acids by interacting with long-chain ACS (29) . Therefore, in mice lacking H-FABP the fraction unbound fatty acids in the cytoplasm will be increased while esterification of fatty acids by ASC will be diminished. Here, we have used mice lacking H-FABP to increase the intracellular concentration of unbound (non-esterified) fatty acids. Especially in the unbound form these fatty acids rapidly incorporate into (mitochondrial) membranes, and could reach the mitochondrial matrix. The pronounced up-regulation of UCP3 protein in these mice therefore fits our hypothesis that UCP3 is needed to facilitate outward transport of fatty acid anions.
To provide further evidence for a physiological function of UCP3 in fatty acid anion export, we interfered more distally in the fatty acid oxidation pathway. The rate-limiting step in the mitochondrial uptake and oxidation of fatty acids is their esterification to fatty acyl-CoA and subsequent transport across the inner mitochondrial membrane after conversion into acylcarnitine through the catalyzing action of carnitine-palmitoyl -transferase-1 (CPT1). Therefore, blocking the main route for mitochondrial transport of long-chain fatty acyl-CoA esters will lead to accumulation of cellular non-esterified fatty acids, which could then enter the mitochondrial matrix. The observed up-regulation of UCP3 upon inhibition of CPT1 activity, again, is in accordance with a role of UCP3 in fatty acid anion export. Clearly, blocking mitochondrial entry of long-chain fatty acids decreases mitochondrial substrate availability. If the primary role of UCP3 were to regulate energy dissipation, it would be anticipated that during decreased substrate availability, UCP3 would be down-regulated rather than markedly increased, as was observed in the present study. Thus, increased expression of UCP3 after blocking CPT1 is inconsistent with a primary role of UCP3 in energy dissipation. In addition, increased UCP3 following blockade of CPT1 does not match with a role for UCP3 in the oxidation of fatty acids, indicating that the physiological function of UCP3 is in a different step in the pathway of fatty acid metabolism.
In a more physiological approach to increase the entry of non-esterified fatty acids into the mitochondrial matrix, while not interfering with mitochondrial oxidative capacity, we used highfat diets to oversupply fatty acids to mitochondria. With high-fat feeding, the continuous delivery of fatty acids exceeds the oxidative capacity and not all fatty acids can be oxidized, resulting in a transient accumulation of fatty acids inside the muscle cell (30) . Under such conditions, the entry of non-esterified fatty acids into the mitochondrial matrix will increase and the observed high-fat induced up-regulation of UCP3 may serve to facilitate outward transport of these fatty acids from the matrix. In contrast to long-chain fatty acids, medium-chain fatty acids do not need to be esterified to CoA esters in the cytoplasm. Medium-chain fatty acids bypass the control of mitochondrial transport by CPT1 and, in contrast to long-chain fatty acids, mediumchain fatty acids can be esterified to their respective CoA esters inside the mitochondrial matrix and can therefore still be diverted to β-oxidation (31, 32) . On a high-fat diet consisting of medium-chain fatty acids there would be no need to up-regulate UCP3, as the majority of fatty acids that enter the matrix will be of medium-chain length and thus can still be diverted to β-oxidation once inside the matrix. The lack of up-regulation of UCP3 on the medium-chain highfat diet vs. the long-chain high-fat diet, despite similar plasma non-esterified fatty acid levels, therefore supports the hypothesis that UCP3 is specifically involved in the export of nonesterified long-chain fatty acid anions from the mitochondrial matrix into soluble cytoplasm. Moreover, upon entering the β-oxidation, the metabolism of fatty acids is independent of chain length, suggesting that the physiological function of UCP3 is not related to fatty acid metabolism distal from β-oxidation.
A role for UCP3 as an exporter of fatty acid anions has also been proposed by Himms-Hagen et al. (33) . They hypothesize that, once inside the mitochondrial matrix in their esterified form, not all fatty acyl-CoA esters are diverted toward β-oxidation but that some may be hydrolyzed by a mitochondrial thioesterase (MTE1), resulting in non-esterified fatty acids and CoA. Again, due to the lack of long-chain ACS within the mitochondrial matrix, outward transport of nonesterified fatty acid is preferred and UCP3 is the protein hypothesized to be responsible. Although the pronounced up-regulation of UCP3 upon etomoxir administration is not compatible with the hypothesis of Himms-Hagen, we cannot exclude that UCP3 also serves to export fatty acid anions derived from fatty acyl-CoA hydrolysis. Regardless the origin of the fatty acid anion within the matrix (either flip-flop across the inner mitochondrial membrane or by hydrolyses of fatty acyl-CoA by a mitochondrial thioesterase), both hypotheses propose that the primary role of UCP3 is the outward translocation of fatty acids away from the mitochondrial matrix.
Export of non-esterified fatty acids from the mitochondrial matrix might be of physiological importance to prevent mitochondrial damage, as non-esterified fatty acids are prone to lipid peroxidation. In this context, it is important to note that it was recently found that mice lacking UCP3 indeed have increased lipid peroxidation (34) . Furthermore, UCP3 protein content is decreased in Type 2 diabetic subjects (35) , who were found to be more susceptible to mitochondrial DNA damage in skeletal muscle (36) . Moreover, the decreased UCP3 protein content in diabetic patients, together with the generally observed accumulation of lipids inside the myocytes of Type 2 diabetics, might be an explanation for the impaired mitochondrial functioning in Type 2 diabetes (37), which could lead to the development of skeletal muscle insulin resistance, although further studies are needed to test this concept. In addition, accumulation of fatty acids inside the mitochondrial matrix might lead to disturbances in fatty acid oxidation, explaining the reported aberrations in fat oxidation in humans with the exon 6 splice donor mutation (3) and in UCP3 knockout mice (4).
In summary, we have provided evidence that the physiological function of UCP3 is the outward transport of fatty acid anions. Interference in successive steps in fatty acid handling, transport, and oxidation revealed that UCP3 is not directly involved in fatty acid oxidation. Rather, we showed that UCP3 protein increases if the supply of fatty acids to the mitochondria exceeds fat oxidative capacity, making it feasible that the physiological function of UCP3 indeed is in fatty acid anion export. Although we realize that none of the experiments presented provide direct and definitive proof for our hypothesis, we interpret these data as compelling circumstantial evidence that UCP3 indeed facilitates outward translocation of fatty acids from the mitochondrial matrix. Definitive proof for the hypothesis awaits the development of methodology to measure mitochondrial fatty acid anion accumulation and/or transport. which the entry of long-chain fatty acids into the mitochondrial matrix is enhanced: 1) in H-FABP null mice, which are characterized by enhanced unbound cytoplasmic fatty acid concentrations and decreased capacity to activate fatty acids via ACS, 2) after inhibition of the carnitine shuttle system using etomoxir, and 3) on a high-fat diet, associated with increased supply of fatty acids to the mitochondria. Note that a high-fat diet rich in medium-chain fatty acids does not increase UCP3 protein content. Medium-chain fatty acids can enter the mitochondrial matrix in their non-esterified form, but can still be oxidized due to the presence of a medium-chain acyl-CoA synthetase inside the matrix. In the latter situation, UCP3 would not be needed for export of fatty acids. OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; FA, fatty acid; TCA, tricarboxylic acid cycle.
